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We studied ferroelectric ordering in a triphenylene derivative embedded with electric dipoles[2,3,6,7,10,11-
hexakis(4-octyloxy-benzoyloxy) triphenylene(HOBPT)] in a crystalline state. Experimental results indicate
that the ferroelectricity in HOBPT is caused by an ordered orientation of CvO dipoles. Our experiments also
reveal that dielectric anomaly due to ferroelectric–paraelectric phase transition occurs at 380 K. A photovoltaic
effect was observed in an electrically treated thin film of HOBPT. The phenomenon results from a high charge
mobility due to thep−p stack between adjacent molecules as well as an internal electric field derived by the
residual polarization.
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Ferroelectric materials have attracted great interest among
researchers owing to their large dielectric, piezoelectric, and
pyroelectric coefficients, and they are applied to several elec-
tric devices such as capacitors, piezoelectric vibrators, or py-
roelectric infrared sensors.1–4 Great efforts are being made to
develop a new type of thin film ferroelectric memory, taking
advantage of field-induced polarization inversion.5 These
materials are also interesting regarding their optical function-
ality, such as nonlinear optical effect or electro-optical
effect.6 Until now, many inorganic ferroelectric materials,
such as BaTiO3 and KH2PO4, have been developed and ap-
plied for electrical and optical devices.1–3 Several organic
ferroelectric crystals were also designed and proposed, such
as thiourea and phenanthrene. Ferroelectricity is not unique
to crystalline materials, and it has been reported even for
noncrystal organic materials, namely liquid crystals, crystal-
line, and amorphous polymers.7

In the present report, we propose a type of organic ferro-
electric materials based on a triphenylene derivative embed-
ded with dipoles [2,3,6,7,10,11-hexakis(4-octyloxy-
benzoyloxy) triphenylene(HOBPT) (Fig. 1)] in a crystalline
state. We also report the photovoltaic effect in electrically
treated HOBPT. The main body of HOBPT consists of the
core triphenylene ring substituted by six carbonylsCvOd
groups, which have dipole moments. Each carbonyl group is
further connected to a moderately long alkyl group with a
flexible structure. A series of triphenylene derivatives have
been investigated extensively because they exhibit high car-
rier mobility in both crystalline and liquid-crystalline
states.8–11 The flat faces of disk-like triphenylene rings were
self-assembled and they form one-dimensional columns.
Since thep electron orbits are overlapped between the adja-
cent molecules in the columns, the carriers are allowed to
transport along the columnar axis. It was reported previously
that (2,3,6,7,10,11-hexahexyl) thiotriphenylene exhibited a
charge-carrier mobility of the order of as high as
0.1 cm2V−1s−1 in a highly ordered columnar liquid crystal-
line phase.8 Recently, a photovoltaic effect was found in a
mixture of discotic molecules and dye molecules.12 Because
of a hetero-junction between the discotic molecules and the

dye molecules, photo-injected electron–hole pairs in the dye
molecules were dissociated. This leads to transportation of
the photo carriers along the highly conducting column. How-
ever, there have been no reports about the ferroelectricity in
the groups of triphenylene derivatives. Furthermore, a pho-
tovoltaic effect found in the HOBPT system stemmed from a
mechanism completely different from the former case in the
discotic molecule/dye molecule complex.

HOBPT was synthesized with a method previously
reported.13 The powder of HOBPT was dissolved in
methanol, and the solution was cast and dried on an
aluminum substrate to form a thin film sample. A thin layer
of aluminum was deposited on the other side of the film
with a vacuum evaporation method. Four phase-transition
temperatures were observed between 270 and 520
K from a differential calorimetric scanning measurement.
The phase sequence is in a good agreement with that re-

FIG. 1. Chemical structure of 2,3,6,7,10,11-hexakis(4-octyloxy-
benzoyloxy) triphenylene(HOBPT) and a schematic view of crys-
talline HOBPT.
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ported in a previous report;14 crystalline (I) phase/
s383 Kd/crystalline(II ) phase/s426 Kd/columnar liquid crys-
talline phase/s438 Kd/discotic nematic crystalline phase /
s509 Kd/ isotropic phase. The present work was concentrated
on the electric and optical properties of HOBPT in the crys-
talline phase. All the measurement was performed at the tem-
peratures lower than 400 K, where the molecular form of
crystalline phases appear.

A wide-angle X-ray scattering(WAXS) pattern was stud-
ied to investigate a crystal structure of HOBPT at 293 K
(Rigaku-Rad B diffractometer, CuKa 1.542 Å, 20 kV,
20 mA radiation). Two intense sharp peaks were observed at
2u=3.50 and 3.86° in the WAXS pattern. This indicates that
the crystal structure of HOBPT was preferably assigned to an
orthorhombic structure and it was similar to the discotic rect-
angular liquid crystalline mesophase. Some of the other
triphenylene derivatives were reported to constitute a close-
packed hexagonal structure.15,16 In the formation of a hex-
agonal structure, however, a single sharp peak should appear,
instead of the double peaks. A broad peak was also seen at
aroundu=20°. The existence of the broad peak indicates that
the assembly of HOBPT molecules forms a polycrystalline
structure and that some portions of the triphenylene groups
are stacked irregularly. This may be because the structurally
flexible alkyl groups with flexible structure avoid close pack-
ing between the adjacent triphenylene groups. This result
suggests that the side groups of HOBPT, including CvO
groups, are allowed to move freely to some extent even in
the crystalline phase.

Two experiments were performed to demonstrate ferro-
electricity in crystalline HOBPT. First, dielectric constant
se*d was investigated at several temperaturessTd, using the
LCR meter (4232A, Hewlett Packard). Figure 2 is a
T−e*curve measured at the external field frequency of
30 Hz. A dielectric anomaly, corresponding to the
ferroelectric–paraelectric phase transition, is found atTc
=370 K. TheT−e* curve was studied at other frequencies
from 30 to 10 kHz. Although the dielectric anomaly was
observed at about 370 K over the entire frequency range

measured, the magnitude ofe* decreases with the increment
of the field frequency(an inset in Fig. 2). A pyroelectric
coefficient b was also measured as a function ofT. The
coefficient is defined as a temperature derivative of the mac-
roscopic polarization. The observation of the pyroelectricity
indicates indirectly the formation of the macroscopic polar-
ization in the materials. The magnitude ofb was recorded
with a method previously reported.17 The sample was poled
with a DC external field of 20 MV/m at 350 K before the
measurement ofb. The quantity ofb shows a gradual in-
crease up to 310 K, above which it decreases and approaches
a zero level at around 370 K. This results also claims that the
macroscopic polarization exists at the temperatures lower
than the phase transition point.

Second, the electric-fieldsEd dependence of an electric
displacementsDd was studied. The currentsId – electric field
sEd hysteresis loop was measured using a high-voltage
power supply and an electrometer. Triangular input voltage
of 0.03 Hz in frequency was applied between the aluminum
electrodes. TheD−E hysteresis loop was derived by inte-
grating I as a function ofE. Figure 3(a) shows theD−E
hysteresis loop of HOBPT at 293 K. The coercive electric
field sEcd and residual polarizationsPrd were determined to
be 10.3 MV/m and 2.0 mC/m2, respectively.Ec and Pr at
several temperatures are shown in Fig. 3(b). Residual polar-
ization decreases gradually as temperature rises up to 380 K
and approaches to a nearly constant value,0.5 mC/m2 at
the temperatures above 383 K. This nonzero residual polar-
ization atT.Tc might be due to space charge polarization or
spontaneous polarization stably existing in the crystalline(II )
phase.

FIG. 2. (a) Temperature dependence of dielectric constante* of
HOBPT. The frequency dependence ofe* at the dielectric anomaly
point is also shown in the inset.(b) Temperature dependence of
pyroelectric coefficientb of HOBPT.

FIG. 3. (a) Electric field sEd–electric displacementsDd hyster-
esis loop of HOBPT at 293 K.(b) Temperature dependence of co-
ercive fieldsEcd and residual polarizationsPrd of HOBPT.
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HOBPT has six polar CvO groups and each of them has
an electric dipole moment of about 2.3 Debye.18 According
to a molecular orbital calculation with an AM1 method, the
dipole moment of the HOBPT molecule in an isolated state
was estimated to be 1.8 Debye and its direction was perpen-
dicular to the flat face of the core triphenylene rings. The
residual polarization ofPr =2.0 mC/m2 at 293 K is equiva-
lent to the dipole moment of 1.7 Debye per molecule. Here,
a weight density of about 1 g/cm3, which was determined
with a float sink method, was used for the estimation. Thus,
the dipole moment in each molecule may be highly oriented
along the columnar axis, and the macroscopic polarization
was formed in the direction. The dielectric constante* was
dispersive in the frequency range measured in the present
study. This low-frequency dielectric relaxation may be due to
the slowly developing rotational motion of the dipoles in
response to the external field. A similar slow dielectric relax-
ation was observed for a ferroelectric liquid crystal embed-
ded with carbonyl groups.19 As for the polarization inversion
found in theD−E hysteresis, a relatively large free volume
should be necessary for the dipoles to rotate inside the crys-
tal. As characterized by the XRD pattern, the HOBPT system
constitutes the orthorhombic structure, not the close-packed
hexagonal structure. Furthermore, parts of the triphenylene
rings were stacked irregularly along the columnar axis. The
partial irregularity in the intramolecular and intermolecular
aggregation accounts for the free volume allowing the dipole
orientation.

Next, the anomalous photovoltaic effect in the poled
HOBPT is discussed. The photovoltaic effect was demon-
strated with a procedure mentioned as follows(Fig. 4). First,
the DC external field was applied to the HOBPT sample
sandwiched between the aluminum electrodes for 1 s. One of
the aluminum electrodes is thin enough to transmit UV light.
After turning off the field, UV light from a high-pressure
mercury lamps1mW/cm2d was irradiated on the electrically
poled sample for 10 s. Then the irradiation of the UV light
was turned off. Second, the DC external field with an inverse
direction was applied for 1 s. The UV light was irradiated on

the sample for another 10 s. The electric current in a short
circuit was monitored during a series of the field application
and the UV-light irradiation. All the experiment was per-
formed at 293 K. No bias voltage was applied to the sample
during the irradiation of the UV light.

The current was recorded during the irradiation of the UV
light. The magnitude of about 50mA/m2 was kept nearly
constant level during the UV light irradiation. When the elec-
tric field with an inverse direction was applied, the photo-
induced current with an inverse direction was recorded. After
a series of the poling and the UV light irradiation, the sample
was heated up to 400 K, and then cooled down to be crys-
tallized again. This time, no photo-induced current was re-
corded. This experiment was executed using a thin film
sample sandwiched between electrodes made of indium tin
oxide (ITO) and silver. The photovoltaic effect was ob-
served, independent of the kinds of the electrodes. In con-
trast, the photo-induced current was not recorded at 380 K,
the temperature higher thanTc.

This phenomenon appears to be analogous to the photo-
voltaic effect observed in a p-n junction type semiconductor
or Shottkey junction on a metal–semiconductor surface.2,20

The photo-induced current observed in Shottkey-type photo-
voltaic effect is dependent sensitively on the type of the elec-
trodes. In this study, however, such metal type dependence
was not clearly recognized. The present photovoltaic effect
should be different from these conventional ones in that the
direction of the photo-induced current is reversible depend-
ing on the polarity of the applied field. The triggering mecha-
nism of the photovoltaic effect is closely related to the exis-
tence of the residual polarization. In fact, the significant level
of the photo-induced current was not detected at tempera-
tures higher thanTc, where pyroelectric signal was not ob-
served. It should be referred to as an anomalous photovoltaic
effect, as was reported in inorganic ferroelectric materials
like LiNbO3 and BaTiO3 as well as polymer-based ferroelec-
tric materials such as PVDF.21,22

A following mechanism has been proposed to explain the
anomalous photovoltaic effect in ferroelectric materials.21

The molecules are led to a charged excited state upon photo-
excitation, with the consequence that the charged carriers are
generated. An internal electric field induced by the residual
polarization triggers the transfer of these photo-carriers be-
tween the neighboring sites. When the direction of the re-
sidual polarization is reversed according to the external field,
the polarity of the photo-induced voltage is also reversed.
Thus, a high charge mobility and large residual polarization
are necessary conditions for the anomalous photovoltaic ef-
fect. The electrically poled HOBPT system satisfies these
conditions; the higher charge mobility is realized in the one-
dimensional columns consisting of the self-assembled tri-
phenylene groups. In the columns, the conjugation of thep
orbital between the adjacent molecules allows the photo-
carriers to transport. The triphenylene derivatives in the
liquid-crystalline meso phases typically have a hole carrier
mobility on the order of 10−3−10−2 cm2 V−1 s−1. 8,9 HOBPT
in the present study should also have the same order of the
mobility as other triphenylene derivatives, taking into ac-
count that it constructs the similar structure. In contrast, the
observation of theD−E hysteresis and the pyroelectric sig-

FIG. 4. Examples of photovoltaic effects of poled HOBPT in a
short circuit. A step wise application of DC external electric field
(a), irradiation of UV light (b) and a photo-current response(c) are
shown.
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nal show that the macroscopic polarization exits in the ferro-
electric phase of the HOBPT system, as mentioned above.
The macroscopic polarization introduces the internal field in
the system. Assuming that the internal electric field of
Pr /e0se−1d,140 MV/m was applied in the direction along
the columnar axis inthe sample with 50mm thickness, it fol-
lows that the light energy converted into the photo-carrier
was 50mA/m23140 MV/m350 mm=47mW/cm2. The
energy conversion rate is estimated to be about 0.5%.

Finally, we comment on a slowly decreasing tail in the
photo-induced current that appears upon turning off the UV-
light irradiation. The signal may be due to pyroelectric sig-
nal, which is induced by a modulation of the residual polar-
ization against the temperature change in the crystal. When
the UV light irradiation was turned off, HOBPT begins to

emit a heat stored during the light irradiation. The diffusion
of the heat introduces the temperature change around the
crystal surface, which induces the pyroelectric signal.

In conclusion, the electric properties of the triphenylene
derivative, HOBPT, were investigated from theT−e* curve,
the T−b curve and theD−E hysteresis. These experimental
results show the ferroelectric ordering in HOBPT in the crys-
talline state. Furthermore, the anomalous photovoltaic effect
observed in electrically poled HOBPT is caused by the intra-
columnar charge carrier transfer and the internal field due to
the residual polarization.
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